Metal-insulator-metal (MIM) resonant absorbers comprise a conducting ground plane, a thin dielectric, and thin separated metal top-surface structures. Long-wave infrared (LWIR) fundamental absorptions are experimentally shown to be optimized for a ratio of dielectric thickness to top-structure dimension t/l > 0.08. The fundamental resonance wavelength is predicted by different analytic standing-wave theories to be ~2nl, where n is the dielectric refractive index. Thus, for the dielectrics SiO2, AlN, and TiO2, l values of a few microns give fundamentals in the 8-12 micron LWIR wavelength region. Agreement of observed fundamental resonance wavelength with theory is better for t/l > ~0.2. Harmonics at shorter wavelengths are always observed, but we show that there are additional resonances in the far-infrared 20-50 micron wavelength range, well beyond the predicted fundamental. These appear to be due to dispersion. They may impact selectivity in spectral sensing applications.
FAR-INFRARED BANDS IN PLASMONIC METAL-INSULATOR-METAL ABSORBERS
applications. They have been applied to IR bolometers [1] and to pyroelectric detectors. [2] Our group recently published [3] a comprehensive study of MIM absorbers at 50 µm wavelength in the far-IR spectral region, where the dispersion of the insulator (SiO2) was weak. been considered in calculating the van der Waals attraction between two metal plates [4, 5] . The resonance condition would be defined by standing gap plasmon waves with wavevector determined by the dimension of the spatially-finite top metal. Knowing the dispersion relation  vs kp, we can find the resonance frequencies for the kp values that correspond to the standing waves. The dispersion relation was calculated [4] by considering two conducting media separated by a dielectric thickness of t and wavevector for x-propagation kp. The nonretarded solutions of the Laplace equation yield Eq. (1)
where ε() is the ratio of conductor and dielectric permittivities, εm()/εd(). We consider that the permittivity of the metal εm() is complex but the permittivity of the dielectric εd() is real.
The wave vector kp for x propagation is complex, but the real part should give the standing-wave resonance condition. This is given by with empirical values of ε(ω) from published permittivity spectra [6] . Thickness t is assumed to have the value 0.5 µm, which is typical of our experiments. The fundamental wavevector should satisfy boundary conditions that have nodes at the edges or a node at the center of the conducting square. Either condition gives a wavevector for the fundamental resonance of 4/l. Supposing l has a typical value 4 µm, we get the smallest allowed wavevector kp = π x 10 6 m -1 , which is well beyond the range of Figure 2 . Thus, the fundamental resonance is predicted by this theory to be above 1 eV, and that is nearly in the visible spectral range.
LC circuit theory
Another published theory [7] models the cavity as an LC circuit. Then [3] the resonant frequency is
The inductance L is estimated by assuming the square and ground plane are connected at the square's edges via displacement current to form a rectangular solenoid. C is a capacitance formed by half of the square with the ground plane. Both L and C depend on the thickness of dielectric t, size of absorber l, permeability, and dielectric permittivity according to = µ 0 µ and = 0 2 /2 . At infrared frequencies µ = 1. From the expressions for L and C and Eq.
(3), the fundamental resonance wavelength is
This theory does not predict the appearance of harmonics, does not depend on dielectric thickness, and it treats the metals as perfect conductors. The resonance wavelength is found graphically from a plot of n() vs  by finding the intersection of that curve with a line having slope 1/l and zero intercept. The predicted resonances are close to the fundamentals observed, but the agreement is worse than provided by the next theory.
Standing Wave Resonances
Our group proposed [8] This theory does depend on dielectric thickness, but it also considers the metals to be perfect conductors. In contrast to the gap plasmon picture, this theory is based on rays with a transverse momentum component. The ray picture is assumed even though the wavelengths considered are far beyond cut-off for TM modes in the parallel-plate waveguide formed by square and ground plane. This thesis is primarily concerned with the fundamental resonance given by
EXPERIMENTAL DETAILS
Ti, Au, SiO2 and TiO2 layers were deposited on glass or silicon substrates using electron beam evaporation. Al and AlN were deposited using an aluminum target in a DC magnetron sputtering system (MRC) Figure 4 groups the data according to square size l, and guide lines indicate the longest wavelength bands as they shift with changing t. The observed complexity of these spectra is expected due to high LWIR dispersion for SiO2. [9] There are multiple solutions for the same (b,m) = (1,0) values, and it is difficult to unambiguously identify the different bands. The red guide lines indicate the longest LWIR fundamental resonance wavelength, which will be considered in Figure 6 and For l = 2.5 m, the agreement between experiment and theory is good for t/l ratios > 0.2.
RESULTS

SiO2
For l = 4.0 and 4.5 m, the t/l ratio never reaches that value, but it is clear that the experimental values begin to approach the theoretical ones at the largest t/l. Previously studied devices [9] were fabricated with poor control over l values, so the results were focused on a relationship between the fundamental resonance wavelength and the geometrical factor presented in Eq. (6 to the increased circularization of the squares at the smaller dimensions. Since this geometric factor includes both l and t dependence, the precise dependence on t was previously unattainable due to poor l control. The range of t-values was anyway much more limited than here. Figure 9 presents the index spectrum for SiO2 plotted [10] with the theoretical curve for graphical solution of Eq. (6) using l,t values indicated in Figure 7 . The multiple intersections in the LWIR are due to dispersion and explain the complexity of the absorption spectrum there.
line nearly intersects near 24 microns, right where the far-IR absorption band occurs. In is clear from the kinks in the index spectrum that it is of low spectral resolution, so that the peak of the dispersion feature may well be higher. Thus, uncertainty in the slope of the line and in the index spectrum suggest that an intersection is certainly possible, which would explain the observed 24 m band. AlN compared to SiO2. [9] As in the case of TiO2, the l values were poorly controlled during Figure 19 presents the available index spectrum for AlN, which does not extend into the far-IR. However, the far-IR extinction spectrum is available [12] , and that curve is plotted, in the form of a large and sharp absorption peak. This should give rise to a strong dispersion feature in the far-IR. A sketch of a possible index spectrum in that range has been added to show how a solution at 22 microns could appear. The straight line, whose slope is the inverse of the geometrical factor in Eq. (6), would intersect that index curve, giving rise to a resonance solution close to the wavelength of the band observed in Figure 17 . The short wavelength solution below 10 microns agrees with the strong sharp line in Figure 15 . There is a weak dip near 15 microns In Figure 15 that may correspond to the intersection in Figure 19 with the rising portion of the index curve. There is anecdotal evidence that when the theory curve intersects a derivative like dispersion feature in the index spectrum, strong absorptions occur mainly for intersections with the downward sloping parts of the index curve and not for the intersection with the sharply rising part of the curve at the center of the feature. There is a tendency for absorptance to increase with t/l, but the dependence is less clear than for the LWIR band. 
SUMMARY
Infrared reflectance spectra were collected for MIM plasmonic resonant absorbers based in SiO2, AlN, and TiO2 dielectrics. The fundamental resonance wavelength is reasonably well predicted by an analytic standing-wave theory introduced by our group. Agreement of observed resonance wavelength with theory is better for larger t/l> ~0.2. Long-wave infrared (LWIR) fundamental absorption strength is experimentally shown to be optimized for a ratio of dielectric thickness to top-structure dimension, t/l, of ~0.2. In addition to the usual harmonics at shorter wavelengths, we discovered additional far-IR resonances at wavelengths well beyond the predicted LWIR fundamental, and these appear to be explained by our same model when dispersion features are accounted for.
